We have isolated and determined the DNA sequences of the human somatic cytochrome c gene (HCS) and 11 processed pseudogenes. HCS is the functional homologue to the previously characterized rat somatic gene because it correctly encodes the human heart protein, is present in single copy in the human genome, is nearly identical in both size and intron/exon structure to rodent somatic genes, and shares a high degree of sequence homology with its rat counterpart including a well-conserved promoter region (77% over 250 nucleotides). In contrast to the rodent system, however, where the known pseudogenes all originated from a locus encoding the present day cytochrome c, the human pseudogenes are of two types. A predominant class of older pseudogenes came from a progenitor of HCS that encoded an ancestral form of the protein, while a second group of only a few young pseudogenes originated from a recent parent of HCS that encoded the current cytochrome c polypeptide. These two distinct classes of human pseudogenes provide a molecular record of the history of cytochrome c evolution in primates and demarcate a short period of rapid evolution of the functional gene.
ABSTRACT
We have isolated and determined the DNA sequences of the human somatic cytochrome c gene (HCS) and 11 processed pseudogenes. HCS is the functional homologue to the previously characterized rat somatic gene because it correctly encodes the human heart protein, is present in single copy in the human genome, is nearly identical in both size and intron/exon structure to rodent somatic genes, and shares a high degree of sequence homology with its rat counterpart including a well-conserved promoter region (77% over 250 nucleotides). In contrast to the rodent system, however, where the known pseudogenes all originated from a locus encoding the present day cytochrome c, the human pseudogenes are of two types. A predominant class of older pseudogenes came from a progenitor of HCS that encoded an ancestral form of the protein, while a second group of only a few young pseudogenes originated from a recent parent of HCS that encoded the current cytochrome c polypeptide. These two distinct classes of human pseudogenes provide a molecular record of the history of cytochrome c evolution in primates and demarcate a short period of rapid evolution of the functional gene.
Cytochrome c is an essential respiratory protein present as a single genetically determined isoform in mammalian somatic tissues (reviewed in refs. 1 and 2). In contrast, mammalian genomes contain families of --35 different cytochrome c sequences (3) . In the rat, nearly all of these are processed pseudogenes derived from multiple mRNAs transcribed from a single intron-containing functional somatic gene (4, 5) . The only other functional genetic variant of cytochrome c in mammals is a testis-specific protein (6) encoded in the rat by a single-copy gene with no homology to the somatic gene outside of the coding region and no related pseudogenes (7) .
The protein sequence of cytochrome c has been determined for numerous eukaryotic species (referenced in ref. 8) , allowing the construction ofan extensive evolutionary lineage (9) . These sequences were instrumental in the original formulation of the molecular clock hypothesis that the rate of molecular evolution is approximately constant among different evolutionary lineages (10) . In mammals, cytochrome c has undergone very little evolutionary change except in the primate lineage, where the protein has accumulated an unusually large number of replacement changes. Parsimony analysis has suggested that an acceleration in the rate of cytochrome c molecular evolution occurred early in the primate lineage between the eutherian ancestor and the monkey-hominid ancestor (9) . Here the structures of the human somatic cytochrome c gene (HCS) and 11 intronless pseudogenes provide a unique molecular record of accelerated gene evolution.
MATERIALS AND METHODS A human testis cDNA library (Clontech Laboratories, Palo Alto, CA) and human genomic libraries [either a fetal liver Hae II/Alu I library (11) or an embryonic fibroblast EcoRI library] were screened as described (12) . Human HC-type pseudogenes were obtained by using the rat cytochrome c coding region as a hybridization probe. Human HS-type pseudogenes were isolated by using the oligonucleotide HCS-1 complementary to codons 10-16 of the functional gene HCS. All DNA sequences were determined on both strands by the dideoxy chain-termination method (13) . Polyadenylylated RNA was isolated from human tissues and HeLa cells as described (7) . Genomic hybridizations to human placental DNA (Sigma) were performed as described (3, 5, 14) . RESULTS
Isolation and Characterization of the HCS Gene. The numerous processed cytochrome c pseudogenes in mammalian genomes (3, 5) can obscure the identification and cloning of functional cytochrome c genes. While screening a human testis cDNA library with the rat somatic cytochrome c coding region, a cloned cDNA of a partially spliced somatic cytochrome c transcript was isolated. The intron located in the 5' untranslated region of this cDNA was used as a probe to distinguish the corresponding HCS gene from the numerous intronless pseudogenes in a human genomic library. The structural characteristics (summarized in Fig. 1 ) and nucleotide sequence of HCS (Figs. 2 and 3) establish it as the functional homologue to the previously characterized rat somatic gene RC4 (5, 12) . First, HCS correctly encodes the protein purified from human heart (15) . Second, the mRNAencoding sequences are highly conserved between human and rat (80% identity) and both the coding and 3' untranslated regions can be used to detect the numerous processed pseudogenes in the human genome (Fig. 4B) . Third, human and rat genes are nearly identical in both size and intron/exon structure. A small intron [101 base pairs (bp), human; 105 bp, rat] interrupts glycine codon 56 while a larger intron (1073 bp, human; 796 bp, rat) is located 8 bp upstream from the translation start site. The introns detect single bands in both rat (3, 5) and human genomes (Fig. 4B ) and as expected are highly divergent between the two genes. Finally, nearly 80% sequence homology between human and rat genes extends for 250 bp upstream from the transcription initiation site (shown to -80 in Fig. 3A) . Multiple promoter elements have been defined in the 5' flanking DNA of the rat gene (16) (Fig. 4A) . The pseudogenes HC5 and HC6 were also apparently derived from the 1.4-kb message since they extend beyond the 1.1-kb polyadenylylation site. The 5' ends of all of the human pseudogenes precisely correspond to the transcription initiation site (Fig. 3A) , whereas in rat several were derived from upstream initiated transcripts (5) .
Aside from dispersed mutational defects all of the previously characterized rat pseudogenes clearly encode the rat somatic protein (5 
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+1100. 94) along with many shared nucleotide differences, insertions, and deletions in their 5' and 3' untranslated regions (Fig. 3) . Nearly all of these differences are also found in the functional rat somatic gene RC4. Therefore, the nine HC pseudogenes were derived not from HCS but from an ancient progenitor of the cytochrome c gene encoding a protein more similar to those found in nonprimate mammals.
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To determine whether any of the numerous human cytochrome c pseudogenes were derived from a progenitor encoding the current human protein, genomic hybridizations (Fig. 4D  Lower) , HCP-1 detected a complex pattern of genomic fragments similar to that observed with the full coding region (Fig. 4B) ( Fig. 4D ). Since any pseudogenes formed from HCS having more than two base changes within the HCS-1 oligonucleotide region would remain undetected under these hybridization conditions, two additional HCS-specific oligonucleotides (codons 42-48 and 45-51) were hybridized to human genomic DNA. No additional bands were detected by using either oligonucleotide, confirming the scarcity of HCS-like sequences in the human genome (data not shown). Using the oligonucleotide HCS-1, two nonallelic processed pseudogenes, HS7 and HS11, were isolated from a human genomic library (Fig. 1) . As shown in Fig. 2 , none of the nonsynonymous differences found in the HC class of pseudogenes is present in the two HS pseudogenes, although two of the shared synonymous differences with HCS are observed (codons 36 and 94). Similarly, the noncoding regions of the HS pseudogenes very closely resemble HCS except for a few positions where the shared differences in the HC pseudogenes are maintained ( Fig. 3 ; +607, +768, +815-820, and +927). Therefore, the HS pseudogenes originate from a recent progenitor of HCS that correctly encoded the current human cytochrome c and are thereby distinguished from the much more abundant HC pseudogenes. Evolutionary Divergence of Human Cytochrome c Pseudogenes. The HS class of pseudogenes can be accounted for by mRNAs transcribed from a recent functional progenitor of HCS. However, we find no evidence for a second functional human gene that can account for the predominant class of HC pseudogenes. Since the human HCS and rat RC4 promoters are highly conserved, it is likely that a second human somatic gene resulting from a duplication in the primate lineage would also have a very similar promoter. Hybridization of the HCS upstream region to human genomic DNA digested with several enzymes revealed only a single band in each lane (Fig.  4C ) under conditions in which the rat somatic cytochrome c gene was detected. In addition, the HCS gene and the HC pseudogenes contain a Dra III polymorphism located within the coding region at codons [18] [19] [20] Mean number of substitutions per nucleotide site, d ± SD, calculated by the method of Jukes and Cantor (17) . To obtain a conservative divergence estimate for the HC pseudogenes, the base changes present in all of the HC pseudogenes were assumed to represent mutations in the gene and not in each pseudogene, with allowance for either adenine or guanine as the first base of codon 44 and at position + 647 in the 3' noncoding region. Divergence values were derived from the entire coding region plus the 3' noncoding region to nucleotide position + 991 except for the 3' truncated clones HC2, -3, -7, and -10, where the maximum number of sites to the 3' end of each clone was utilized. Ages were calculated as described (18), assuming a constant rate of 1.3 x 10-9 nucleotide changes per site per year (19 (24) . Furthermore, the evolutionary rate of the mitochondrial-encoded cytochrome c oxidase subunit II, which directly interacts with cytochrome c (25) , was also elevated in the primate lineage (26, 27) prior to the Old World monkey/human divergence (28) and has since slowed. Further refinement of the times of acceleration for cytochrome c and subunit II evolution will be necessary to determine whether these two events occurred concomitantly or whether one preceded the other.
